Abstract-A microwave design for an industrial scale applicator for a continuous microwave assisted depolymerization of Polyethylene Terephthalate (PET) has been developed. The design relies on a Archimedean screw moving system for the materials transport. Simulation results show that a homogeneous heating of the process material along the screw axis can be achieved by using a novel cavity design which bases on the TM 0,x,0 field mode. The achieved design provides high energy efficiency with a reflected power of less than 10 % and a high robustness against changes in the permittivity of the reactants. The cavity is designed for use together with a screw pump surrounded by cylindrical pipe with a diameter of 250 mm and a length of 250 mm at the 2.45 GHz ISM band. The proposed design is modular and can be easily expanded for the heating of longer reactor tubes. The electromagnetic design is based on the measured temperature dependency of the dielectric properties of the solvolytic reaction mixture. It is verified over the full range of the expected permittivities
I. INTRODUCTION
The recycling of polymers, including PET, can be realized in many ways, such as primary recycling, mechanical recycling, chemical recycling, energy recovery etc. Chemical recycling can be obtained for complete recovering of the molecules constituting the polymer (PET). The recovered monomers, mono-ethylene glycol (MEG) and para terephthalic acid (PTA), are ready to produce virgin PET. The long reaction times in combination with the high energy consumption are the main obstacle of this technique.
The microwave assisted de-polymerization of PET provides a significant acceleration of the reaction process by a factor greater than 10. Additionally the microwave assisted depolymerization takes place by lower temperatures and therefore under lower pressure conditions. [1] Till now there were many investigations on the microwave assisted PET recycling at the lab scale. However, the main problem for the design of an industrial scale applicator is the restricted penetration depth (of some millimeters) in the reaction mixture and the demand on a continuous operation to meet the economic needs. In Patent US 5,145,576 [2] a method, apparatus and scenario for a continuous heating of materials are presented. According to this approach the reaction mixture have to be heated via microwave field. This design is based on a metallic Archimedes screw placed in a microwave transparent tube, which transports the full mixture through the microwave cavity.
In the present paper an optimized microwave design of an industrial scale microwave applicator for the PET depolymerization is proposed. The basis for that design is a precise knowledge of the dielectric properties of the reactive materials as well as the materials of the applicator within working temperature range. For appropriate dielectric characterization an extended set of measurement setups were developed in KIT-IHM, based on reflection method, transmission-reflections method and resonance method.
II. DIELECTRIC PROPERTIES
A successful design of any microwave applicator requires the detailed knowledge on the dielectric properties of the processed materials versus temperature. An in-situ measurement of the dielectric properties of the heated material offers the unique possibility to characterize the transient behavior of the material. In the present work the system as described in [3] was used for monitoring of the dielectric properties of the reaction mixture during alkaline hydrolysis of PET. The chemical reaction equation and the reaction mixtures that have been investigated are presented in Section A, and the measured dielectric properties are show in B.
A. Alkaline Hydrolysis of PET
In the reaction of the alkaline hydrolysis the PET is hydrolyzed in sodium hydroxide (NaOH) that yields the disodium salt, Na 2 PTA [4] :
The molar compositions of the reaction mixture before and after the hydrolysis are given in Table 1 . 
B. Dielectric Measurements
The dielectric measurements had been performed with the measurement setup based on the cavity perturbation method and described in [3] . The measurement accuracy is estimated to be of about 5% for the dielectric constant and 10% for the dielectric loss factor. Figure 1 shows the designed dual-mode cavity.
The liquid sample fills the quartz tube with an inner diameter of 2 mm. The sample and resonator had been oriented horizontally to avoid sedimentation of the solid PET parts of the sample. The sample holder was closed at both ends with Swagelok connectors, which can withdraw a pressure up to 18 bars. For the temperature measurement a fiber optic thermosensor type Optocon Fotemp-H was used. The temperature measurements had been realized in the sample center. The thermo-sensor data are used for temperature control along any preset temperature scenario with the help of a PID control algorithm. For heating the TM 010 mode was used, that provided a homogeneous sample heating over the full cavity height.
In Fig. 2 the time and temperature dependent dielectric properties for samples from Table 1 are presented. The heating rate was 3°C/min and the cooling rate was 5°C/min. Larger heating rates were not feasible, because of the long integration time of the thermo-sensor, and because of the risk for boiling within the sample volume and leaking problems.
The difference in the dielectric constant and dielectric loss factor during heating and cooling scenarios for the sample mixture 'Initial mixture' (red curve) reveals information about the chemical process. Both the dielectric constant and dielectric loss factor show larger values during heating as compared to the cooling scenario. The sample 'Final mixture' (green line), which represents the properties of the suspension when the chemical de-polymerization process is finished follow quite well the cooling curve of sample 'Initial mixture', indicating that the chemical process is finished as soon as the target temperature is reached. This probably is affected by the slow heating rate of 3°C/min as well as by the fact that the PET used was a rather fine powder. In case of faster heating and in case of using larger PET particles or flakes still some isothermal dwell at the targeted reaction temperature might be needed.
For the system design the permittivities measured for the sample 'Initial mixture' is most relevant since it represents the dielectric properties along the full process. To get a robust applicator design, the future applicator must be able to work efficient over the full range of dielectric constant: 15 < ε < 25. The difference between the heating and cooling scenario for Final mixture (green curve) may be explained by an energy demand for binding of NaOH and PTA to Na PTA.
III. CAVITY DESIGN
The applicator has to meet the following specifications.
It must enable a continuous operation with the use of a metallic Archimedean screw within a glass tube, transparent to microwaves. It has to provide a homogeneous field distribution in axial and azimuth direction of the reactor. It should provide a production rate for the depolymerization of PET of at least 12.5 kg/h and accordingly an overall flow rate of at least 100 kg/h in total (PET, MEG, NaOH and H 2 O together). The outer diameter of the glass tube was chosen to be 250 mm with a wall thickness of 10 mm. The applicator will be subdivided in N segments. By use of this modular concept, within the limits of the reactor design any specific temperature profile along the reactor can be implemented. This requires the appropriate microwave power levels to be installed in each segment, resulting in corresponding temperature gradients (see Fig. 3 
bottom).
The reaction temperature of de-polymerization has been reported to be in the range from 150 °C to 220 °C [5] . The mentioned reaction mixture provides a specific heat capacity of approximately 2.3 kJ/kgK and a density of 1.20 g/cm 3 . To bring the sample with a total mass of 100 kg to the reaction temperature starting from room temperature within one hour requires at least a heating power between 8.3 kW and 12.8 kW depending on the final reaction temperature.
Since process temperatures exceed the boiling point of the aqueous phase of the reactive mixture, a pressurized microwave cavity is required. This will significantly reduce the failure probability of the glass tube. Thus the preferable geometry of the microwave cavity is cylindrical. At the same time considering the investment and installation efforts the number of coupling ports with pressure tight microwave windows and accordingly the number of microwave generators should be reduced to a minimum. Therefore in the following design studies only one magnetron and hence one quartz windows per segment was considered. Figure 4 shows the simulated electric field density in a cylindrical cavity with 336 mm in diameter and a length of 250 mm with a single microwave port on the left side. The hollow space in the cavity center is filled by the core of the Archimedean screw. The cylindrical sample enclosed in the glass tube has a diameter of 250 mm and a thickness of 10 mm. Here is seen, that the biggest part of the microwave power is absorbed near the port position and that the electric field shows strong inhomogeneity in the z-direction as well as in azimuthal direction.
The inhomogeneity in the z-direction can be avoided by limiting the cavity length in z-direction to 50 mm < λ/2. The dominant mode in that case is a TM 0n1 . It should be noted, that in the 'short' cavity the azimuthal inhomogeneity of the electric field remains.
A further improvement of the field distribution may be managed through an optimized power distribution network design. Such a concept enables a well-defined power distribution over the azimuth direction of the resonator. The extensively optimized distribution network is shown in the Figure 5 . This design consists of a single microwave port, which is coupled to the external resonator circuit. The diameter of the outer resonator is 534 ± 2 mm. This circuit divides the segment of the overall microwave cavity with a total length equal to 250 mm into 5 zones of equal length ( Fig  5) . Furthermore in each zone in azimuthal direction 4 equidistance coupling ports are placed to couple the microwave power to the corresponding heating cavity. The number of equal size zones in a single segment can be varied depending on required sample length and/or required power density. Then the coupling apertures between the inner and outer resonator have to be modified in an appropriate way. The coupling apertures between the deferent zones should have a width of about λ and it is only depending on the width of the outer resonator. The width and length of this coupling for a diameter of the outer resonator equal to 534 mm is 72 mm and 157 mm, respectively. In the center zone this coupling is positioned opposite of the waveguide port (see figure 5 left) . And for the next zones, it is positioned axially symmetrical. Table 2 shows the power distribution it the microwave cavity for the 5 zone segment. The coordinates of the different sample parts are shown in Figure 6 . The listed power is given in percent of the total power absorbed in the applicator. With that approach a good and well defined microwave field distribution inside the material sample can be achieved. To further increase the system efficiency on the input port matching elements are needed. Such an element is shown in Figure 5 left and is positioned in the front of the input waveguide port (only in the center zone). It is oriented parallel to electric field in the coupling waveguide. Already a small misalignment (<3°) of this element leads to a significant change of the power distribution in the center zone "c". The power distribution in adjacent zones is not affected. For example a clockwise rotation of the matching element from 1° to 3° leads to a difference of the absorbed power between sample part 1 & 7 of a factor from 1.5 to 3, respectively. The total absorbed power in the applicator is reduced by 2 %. This matching element leads to a significant reduction of the reflected power of more than 10%. The overall power efficiency with and without matching element is presented in Figure 7 .
Furthermore the resonance frequency of the presented design is mainly defined through the external resonator circuit and it is not significantly influenced from the actual heating cavity. This makes the particular design very robust again materials permittivity changes.
CONCLUSIONS
An advanced industrial scale microwave cavity, which allows a power efficient microwave heating of high permittivity liquids at 2.45 GHz, has been developed. The developed applicator design is modular and it enables the homogeneous heating over a large cylindrical sample with an outer diameter of 250 mm. The sample volume used in the simulation is 17 liter.
The use of a coupled resonator structure enables a targeted power distribution in the cavity. Additionally a matching element at the port position leads to significant increased power efficiency. The reached power efficiency is > 95 % of high permittivity materials in the range from 15 < ε < 25 & tanδ > 0.3. 
